The nucleotide sequences at the ends of the mercuryresistance transposon, Tn501, have been determined. The terminal sequences are inverted repeated sequences 38 nucleotide pairs in length, which differ in 3 nucleotide pairs. The transposon is flanked by directly repeated sequences of 5 nucleotide pairs, originating from a single pentanucleotide sequence in the recipient replicon. There is no obvious homology between recipient replicons at the site of insertion of the transposon. The structures of the ends of Tn501 are compared with those of other transposons and insertion sequences. The use of Tn501 to locate an EcoRI site within a genetically defined sequence of interest is discussed.
INTRODUCTION
Several transposons are known that carry genes which determine resistance to antimicrobial agents (1,2). The transposition of these discrete sequences of DNA between replicons occurs in a precise manner and does not require the nrnin recombination systems of the host. The junctions of the transposon with the host replicon DNA contain nucleotide sequences that are intimately involved in the mechanism of transposition.
That is, the terminal sequences of the transposon are very similar (or identical) and these sequences are in opposite orientations (the inverted repeats; 1); and the transposon is flanked by a directly-repeated sequence of the host replicon DNA of 9 base pairs, as for Tn9 and TnlO (3,4), or 5 base pairs as for Tn3 (5). The inverted repeats are absolutely required for transposition (1, 6) . The direct repeats are presumably formed during the transposition process (3, 7, 8 ) and they are not required for further transposition (4).
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The transposon Tn501 carries genes that determine bacterial resistance to mercuric ions (9). The transposon was originally isolated in Pseudomonas aeruginosa and can function in E. coli. This paper describes the nucleotide sequences at the junctions of Tn501 in a ColEl::Tn501 recombinant (10) and compares these sequences with those at the .junctions of Tn501 in other recombinants. The Tn501 terminal sequences are discussed in comparison with the terminal sequences of other transposable elements.
MATERIALS AND METHODS
DNA: Nucleotide sequence analysis of the ends of Tn501 was performed on pUB781 DNA (10) and, in one experiment, on pICl DNA. Sequence analysis of regions flanking Tn501 was performed on the plasmids listed in Table 1 . Plasrid DNA was purified from E. coli C6OO derivatives by chloramphenicol-enrichment followed by CsCl-ethidiuir bromide centrifugation of cleared lysates. A partial restriction map of pUB781 (10, and unpublished data) is shown in Fig. 1 .
Enzymes: Restriction endonucleases EcoRI and Hhal were generous gifts of Drs. S.E. Halford and R.J. Roberts respectively. Hindlll was purchased from the Microbial Research Establishment, Porton Down, U.K.; Sau3AI and BamHI were purchased from Bethesda Research Laboratories Inc., Maryland, U.S.A. Other restriction endonucleases were prepared by the methods of Roberts et al. (11) or Greeneet al. (12) . cleaved with a restriction endonuclease, and the cleavage 32 products were P-labelled by 5'-or 3'-end-labellinp methods. 5'end-labelling was by dephosphorylation with alkaline phosphatase followed by phosphorylation using polynucleotide kinase and {y-P}ATP (>2CO0 Ci/mmol) as described by Maxair. and Gilbert (13) . 3'-end-labelling was performed in a reaction mixture (200yl) containing DNA (2.5 pmol), {a-32 P}dATP (2OyCi; >35O Ci/mmol), an unlabelled deoxyribonucleoside triphosphate (0.2 mM) and T4 DNA polyroerase (0.2 units). The unlabelled triphosphate used was dependent on the restriction enzyme cleavage site being labelled (dTTP for EcoRI sites, dGTP for Hindlll site). The single unlabelled triphosphate was used in order to protect the incorporated label from the 3'-exonuclease activity of T4 DNA polymerase; the remaining triphosphates were omitted in order to minimise internal labelling by 'nick-translation'. Only restriction products with 5'-terminal extensions were 3'-end-labelled in this manner, and labelling was for 120 min at room temperature. The reaction was stopped by heating at 70°C for 10 min.
5'-or 3'-end-labelled DNA was further cleaved with a second restriction enzyire. The DNA was fractionated by electrophoresis on 5% acrylamide gels and the separated bands were eluted (13). The DNA sequencing procedure of Maxam *nd Gilbert (13) was performed, using the reactions: Q) cleavage at cytosine and thymine; (ii) cleavage at cytosine; (iii) strong adenine/weak cytosine cleavage; (iv) cleavage at guanine. Analysis of the reaction products was by electrophoresis on thin acrylamide-urea-gels (14).
Sequence analysis of the region of ColEl DNA into which Tn501 was inserted during the formation of pUB781 was performed by the chain-termination method (15). A DNA fragment containing this region was identified by gel electrophoresis of Sau3AI digests of ColEl and pUB781 DNA (Fig. 2) . The fragment was eluted from the gel (13) and ligated into the unique BamHI site of the replicative form DNA of bacteriophage Ml3mp2am4/BamHI (a kind gift of Dr. G. Winter). Recombinant bacteriophage were selected as described by Messing et al. (16) . Single-stranded terrplate DNA containing the cloned ColEl sequence was made frorr recombinants and sequenced as described by Schreier and Cortese (17) .
Confirmation of the structure of the inverted repeated sequences in Tn501 was also obtained from the plasirid pICl. Two Sau3AI fragments of pICl containing both Tn501 and pMB8 sequences, together with an EcoRI site, were identified by gel The two junction fragments in pICl (fragments JB1 and JB2) were identified in channel (f) by the absence of such fragments in channels (c), (e) or (g). The junction fragments in pUB781 could not be identified unambiguously, as their mobilities coincide with those of Tn501 or ColEl fragments. electrophoresis (Fig. 2) . The fragments were eluted from the gel and cloned in M13mp2am4/BamHI. DNA sequence information was obtained as described above.
RESULTS
Tn501 was known to contain EcoRI sites which mapped within 200 base pairs of each end of the transposon (10). In pICl the EcoRI site at one end of Tn501 was shown to be about 30 base pairs away from the EcoRI site in pMB8, hence this EcoRI site in Tn501 must be within 30 base pairs of the end of the transposon (S.J. Ford and N.L. Brown, unpublished data). The EcoRI site at one end of Tn501, at least, therefore provided a suitable labelling point for determining the sequence of the junction at this end of the transposon with recipient replicons. It was found that the junctions at both ends could be sequenced by labelling at EcoRI sites. It was necessary to sequence in both directions from both EcoRI sites in order to determine the sequence of the inverted repeats, which had previously been identified by other methods (10). Sequence analysis was performed using both 5'-and 3'-end-labelled EcoRI fragments from pUB781, in order to obtain the sequence of both DNA strands. For a given DNA fragment, both 5'-and 3'-labelled sequences were fully complementary, confirming the sequence deduced.
Sequence analysis of DNA fragments 5'-or 3'-labelled at an EcoRI site indicated that the interpretable sequence started with the last nucleotide pair of the EcoRI recognition site (Fig. 3a and 3b) . This was confirmed, and the possibility that two closely-adjacent EcoRI sites occur in one terminal sequence was eliminated by 3'-labelling the Hindlll site close to one end of Tn501 (Fig. 1) and sequencing from this site through the terminal EcoRI site (Fig. 3c) . The possibility that two closely-spaced EcoRI sites occur in the other terminal sequence of Tn501 was eliminated by sequence analysis of the cloned junction fragments from pICl~(data not shown), in which the inverted repeated sequences were identical with those determined from pUB781. The regions of pUB781 that have been sequenced in this work are shown in Fig. 1 .
Autoradiographs of gels giving" the nucleotide sequence of the junction regions of Tn5Ol in pUB781 and the nucleotide sequence of the corresponding recipient region of ColEl are shown in Fig. 3 . The relevant parts of the sequences determined from these gels (and from others not presented) are shown in Fig. 4 .
The sequence at one end of Tn501 is almost identical (35 out of 38 base pairs) to that at the other end, and the sequences are inverted with respect to one another (Fig. 4) . The EcoRI sites can be identified within the inverted repeat sequence. Sequences (a) and (b) were obtained by 5'-end-labelling an EcoRI digest of pUB781 DNA and digesting with Haelll, prior to the isolation and sequence analysis of the labelled fragments, as described in MATERIALS AND METHODS. The products were analysed on 20% acrylamide-7M urea gels. Sequence (c) was obtained by 3'-end-labelling a Hindlll digest of pUB781 DNA as described in MATERIALS AND METHODS, and digesting with Hhal prior to the isolation and sequence analysis of the labelled fragment. The products were analysed on an 8% acrylaraide-7M urea gel. The EcoRI site was located in the sequence (channel RI) by the method of Brown and Smith (25) . A long autoradiographic exposure is shown in order to visualize the fainter bands; the more intense bands were resolved on a shorter exposure. Sequence (d) was obtained as described in MATERIALS AND METHODS, and the products were analysed on a 6% acrylamide-7M urea gel. The presence of an inverted repeat was deduced from electron microscope studies (10), but the size of the inverted repeat (38 base pairs) is much less than that predicted from electron micrographs (approx. 150 base pairs; 10). More extensive DNA sequence analysis from the EcoRI sites into Tn501 showed no further structural homology between the two ends of Tn501 (data not shown). Such a difference between the sizes of the inverted repeats deduced from electron micrographs and deduced from DNA sequence analysis has also been observed with Tn3 (5), and was suggested to be due to partial complementarity for about 100 nucleotides beyond the inverted repeat, however the DNA sequence of Tn3 (18) indicates that this is unlikely to be the explanation. Similarly, if such complementarity exists in pUB781, it must be very weak, and the size determined from electron micrographs, in both Tn3 and Tn501, is probably overestimated due to the limitations of the electron microscopic methods. In pUB781, the inverted repeat sequences are flanked by a short directly repeated sequence. A number of other Tn501 recombinants have 32 been examined by DNA sequence analysis of P-labelled EcoRI fragments. All recombinants contain the same inverted repeat sequence at the termini of Tn501, and all (with the exception of those in which transposition has resulted in a deletion; Choi, Grinsted and Richmond, in preparation) show a flanking 5 base pair direct repeat (Fig. 4 ). This direct repeat is different in each recombinant and in two cases (pUB781 and pUB1496) has been shown to be a duplication of a single pentanucleotide sequence in the recipient renlicon; the recipient replicon has been sequenced at the site of insertion for pUB781, and the sequence flanking Tn501 in pUB1496 exactly matches sequences within Tn3 (5, 18) which is expected to be present in pUB1496 (pMB8::Tn3::Tn501). There is little doubt that the direct repeats in these and in other Tn501 recombinants arose by duplication of a recipient DNA sequence (presumably during the transposition process), and are not part of the transposon. There is no obvious homology between different recipient replicon sequences, either in the pentanucleotide repeat or in the closely adjacent sequences, nor are structural features found in one recipient replicon (e.g. the direct repeat of TGAGA in ColEl DNA at the site of insertion, Fig. 4e) found in other recipients.
DISCUSSION
The sequences presented in this paper show that the termini of Tn501 consist of a 38 base pair inverted repeat, and that the transposon is flanked by a 5 base pair direct repeat. This direct repeat is probably generated from the recipient replicon sequence on insertion of the transposon, and there is no obvious similarity between the 5 base pair direct repeats in different recombinants. In these respects Tn501 resembles Tn3, which has a 38 base pair inverted repeat and also generates a 5 base pair direct repeat upon insertion (5). Furthermore, the nucleotide sequences of the inverted repeats of Tn501 and Tn3 are similar (Fig. 5) . However, the two inverted repeat sequences of Tn3 are perfectly complementary, whereas those of Tn501 contain three non-cotnplementary nucleotide pairs. The inverted repeat sequences of the insertion sequence yS (19), which also generates a 5-base pair direct repeat, are similar to those of Tn3 (27/38 base pairs), and Tn501 (28/38 base pairs).
The inverted repeat sequences of Tn3 are required for transposition (6), and presumably act as a recognition site for a transposon-specified nuclease. The similarity in the inverted repeats of Tn501, Tn3 and y& suggests a functional similarity in the transposition process. There is, however, no extensive sequence horaology between Tn501 and Tn3, as estimated by DNA-DNA hybridization using the Southern blotting procedure (20; J.M.Ward personal communication), suggesting that there are no structurally homologous genes in these transposons. IS2 and phage ~Mu-l 
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Tn501 is of technical use in the nucleotide sequence determination of genetically-defined regions of DNA. Recombinants can be selected in which a phenotypic characteristic has been inactivated by insertion of Tn501. The DNA sequence around the insertion site can then be determined by sequencing from the EcoRI sites in the inverted repeats of Tn501 (either by the chemical method, or by enzymic methods; 13, 15, 24) . Sequence analysis of a number of recombinants in which Tn501 is inserted into the same region, could give the complete DNA sequence of that region with no requirement for prior restriction mapping.
